Purpose of Review Type 2 diabetes (T2D) is a growing public health problem in youth, but conventional treatments are often insufficient to treat this disease and its comorbidities. We review evidence supporting an emerging role for bariatric surgery as a treatment for adolescent T2D.
Introduction
Type 2 diabetes (T2D) is increasingly recognized as a pediatric disease, and importantly, one that may be even more aggressive in younger patients. The American Diabetes Association [1] cites diabetes as the seventh leading cause of death in the USA in 2010 and deaths related to diabetes-related comorbidities are even greater. The SEARCH for Diabetes in Youth Study [2] estimated prevalence as 0.34 per 1000 people under ages 10-19 years for the year 2001. One might speculate that these numbers may in fact grow in the coming decades. Based on a 30.4% increase in T2D cases observed between 2001 and 2009, it was estimated that T2D prevalence among youth in this age group might quadruple by the year 2050 [3] .
A sense of urgency is borne out from data demonstrating accelerated development of diabetic nephropathy and cardiovascular disease among young adults with T2D, in comparison with individuals with type 1 diabetes with comparable glycemic control [4] . In fact, in this study, almost half of patients with T2D were found to have albuminuria after an average of 11.6 years since diagnosis. Startlingly, many patients were found to have diabetes-related comorbidities present at diagnosis, including 13% of patients with microalbuminuria [5] . This is particularly harrowing given the average age of youth-onset T2D diagnosis in this country is only 13.5 years [6] . Furthermore, the TODAY study [7] highlights how challenging it can be to attain good glycemic control in these patients, finding higher rates of medication failure (in terms of both glycemic control and incidence of dyslipidemia, hypertension, and microalbuminuria) for younger patients. These startling statistics call for more effective treatments for young patients with T2D.
Obesity is the most important modifiable risk factor for T2D. Most youth with T2D have at least one affected relative, but all youth with T2D are obese [5, 8] . Therefore, early obesity treatment may be expected to slow or halt the progression to T2D in patients who do not yet have diabetes. A major problem faced by pediatricians, however, is that medical management for obesity in children is limited and often ineffective. Furthermore, obesity is common, affecting almost one fifth of American children [9] . Inspired by success as a treatment for adult obesity, bariatric surgery has recently emerged as a treatment for adolescent patients as well. Clinical studies [10] [11] [12] [13] [14] demonstrate a clear effect of bariatric surgery to improve glycemic control and often elicit complete remission of T2D, including in adolescents [15, 16••, 17, 18] . This review will discuss the potential for bariatric surgery as a treatment for T2D in obese and overweight adolescents.
Non-surgical Treatment Options for T2D
Medical management of T2D in pediatric patients centers primarily around metformin and/or insulin. Monotherapy with metformin is recommended as a first-line treatment, and may have additional benefit to reduce body weight. Guidelines from the American Academy of Pediatrics recommend starting insulin on all newly diagnosed children with T2D in whom ketones are present, HBA1c is greater than 9%, fasting blood glucose level is equal to or greater than 250 mg/dl, and/or if the clinician is unable to rule out the possibility of T1D. Addition of metformin is an effective adjunct to insulin therapy, with the potential to improve HbA1c and allow for insulin discontinuation over a short period of time [19] . In addition, at least 60 min of physical activity is recommended daily [20] ; even modest weight loss of <10% can improve glycemic control as assessed by HbA1c [21] . However, lifestyle management alone is effective at achieving glycemic goals in less than 10% of pediatric patients [22] . This fact is not surprising, particularly given that T2D disproportionately affects individuals of low-income and/or single-parent households [5, 8] where resources (time, money, availability of fresh produce) may be scarce.
Insulin and metformin are the only two FDA-approved medications for diabetes in patients younger than 18 years old, but other medications such as thiazolidinediones and incretins have been used with success as off-label agents in some patients [7, 23] . The TODAY study [7] demonstrated that the addition of rosiglitazone enhances the efficacy of metformin, improving rates of glycemic control. However, combined therapy was still ineffective at maintaining durable control in 38.6% of patients, highlighting large gaps in our ability to reach this vulnerable population with current therapies. Also of note, addition of lifestyle intervention to metformin therapy did not significantly improve the rate of maintenance of durable glycemic control rates, stressing just how difficult it can be to implement meaningful diet and exercise changes for metabolic impact.
Bariatric Surgery as a T2D Treatment
Bariatric surgery has long been used as a therapy for severe obesity and in adults has been formally added to the arsenal for T2D treatment, by consensus of dozens of medical and surgical organizations internationally [24] . The most commonly performed bariatric procedures in both adolescents and adults are Roux-en-Y gastric bypass (RYGB), adjustable gastric banding (AGB), and vertical sleeve gastrectomy (VSG). Among these, RYGB and VSG appear to be the most effective both to reduce body weight and to improve metabolic health. Duodenal-jejunal bypass (DJB) surgery is also highly effective but due to its side effect profile is not currently used in the USA.
Not surprisingly, bariatric surgery induces weight loss that is superior to non-surgical management [25] . However, there is also a potent anti-diabetes effect. The Swedish Obesity Study [26] demonstrated that bariatric surgery was superior to lifestyle intervention to reduce the incidence of T2D in obese adults, reducing rates from 28.4 to 6.8 cases per 1000 patients over 15 years. Improvement can occur very soon after surgery and, in fact, can precede weight loss [10-14, 27, 28] . This anti-diabetic effect persists beyond the period of perioperative caloric restriction, indicating an independent effect of the surgery to affect glucose metabolism [14] . In a 3-year longitudinal study [29•] , RYGB elicited T2D remission in 40% of patients, as compared with no patients treated with lifestyle intervention alone. Interestingly, T2D did remit in 29% of patients after AGB [29• ], but AGB is not thought to elicit any weight-independent improvement to glucose homeostasis [30] . VSG appears to produce intermediate effects on T2D; the STAMPEDE trial [31] demonstrated remission in 38% of RYGB patients versus 24% of VSG patients. The 5-year follow-up to this study [32•] showed comparable rates of diabetes remission after VSG and RYGB (23 and 29% of patients, respectively, at 5 years), versus only 5% of patients treated with intensive medical therapy. Other studies have reported much higher rates of T2D resolution after RYGB in [10, 13] , but RYGB techniques can vary with respect to alimentary distance, pouch size, duration, and completeness of follow-up, possibly leading to variability in reported response rates. Additionally, T2D severity may affect propensity for remission after bariatric surgery.
It has been hypothesized that earlier surgical intervention might improve long-term metabolic health among obese adolescents and, in particular, might prevent or improve the course of T2D. Bariatric surgery is, in fact, highly effective within the adolescent population and can result in loss of 58-73% of excess weight [18, [33] [34] [35] [36] [37] [38] [39] [40] (Fig. 1) . Although fewer studies have been performed in this population and long-term follow-up data are only now evolving, the initial studies [15, 16••, 17, 18, 41••] show that T2D remission mirrors that which is observed in older patients. In a large, recent 3-year longitudinal study of adolescent bariatric surgery [16••] (Table 1) , 95% of patients with T2D at baseline exhibited remission by 3 years; prevalence of remission did not differ after VSG versus RYGB, but this may reflect the relatively small numbers of patients with T2D in the study (13%). After an average of 8 years postoperatively, we recently showed that diabetes remission persisted in 8 of 9 patients with T2D at baseline [41••] ( Table 1) . These data align with results of earlier, smaller studies, demonstrating improved fasting insulin and glucose levels, as well as better insulin sensitivity (as estimated by HOMA-IR) 1 year after RYGB [25] . All measures fell from the pathologic to the normal range within this time period, despite the fact that patients were still obese (average BMI 35.8 kg/m 2 ). Normalization of fasting insulin has been observed by 6 months postoperatively [42] , corroborating evidence from adults that this effect occurs early. These biochemical observations do appear to translate to clinical benefit; in a study of 11 adolescents who underwent RYGB, ten were able to discontinue oral hypoglycemics within 1 year after surgery [18] .
Might earlier surgical intervention prevent progression to T2D in patients with prediabetes or in obese patients with normal glucose homeostasis? One might speculate that by improving insulin sensitivity earlier, one might also slow or halt the β cell exhaustion that ultimately leads to full-blown T2D. In the Teen-LABS study [16••] , prediabetes remitted in 74% of patients at the 3-year follow-up visit, suggesting that this might be the case. Data do indicate that age at time of surgery, duration of diabetes, and severity of disease are all factors that influence the probability of postoperative diabetes remission [14, 28, 43] . More data are needed to understand which patients may benefit most from earlier surgery, but the data to date are promising and highlight a potentially important tool especially for obese patients with insulin resistance who have not yet developed insulin dependence T2D.
Effect of Early Surgical Intervention on T2D-related Comorbidities
An important outcome of the TODAY study was the message that pediatric T2D, as compared with adult-onset T2D, may be a more aggressive disease with regard to the incidence and progression of certain T2D-related comorbidities. These include, but are not limited to, hypertension, dyslipidemia, cardiovascular disease, stroke risk, and renal disease. It has been speculated that early intervention with bariatric surgery during adolescence, before onset and/or progression of these comorbidities, may lead to more complete metabolic remission. Here, we highlight some of the potential benefits of early surgical intervention, although it should be emphasized that long-term outcomes (beyond 3 years) have rarely been reported and, thus, there is need for longer-term data.
Cardiovascular Disease Cardiovascular disease is an important T2D-related comorbidity and is a significant public health problem as the leading cause of death in the USA [44] . In adults, bariatric surgery can mitigate cardiovascular risk: RYGB improves Framingham 10-year cardiovascular risk scores by 1 year postoperatively in adults [45, 46] and both RYGB and VSG have been shown to improve New York Heart Association functional status [47] . This may be related to potent reductions in dyslipidemia: lipid profiles are improved following bariatric surgery in adults [48, 49] and adolescents [16••, 41 ••], with comparable outcomes after VSG and RYGB [50, 51] . In adolescents, reductions in total cholesterol, LDL, and triglyceride levels have been shown 1 year after RYGB [18, 42] and persist at 5 years postoperatively [41••] .
Reduced cardiovascular risk may also be related to other factors as well. Blood pressure is reduced in both adolescents [18, 41••, 42] and adults after RYGB and VSG [52] [53] [54] . Specifically, reductions in both systolic and diastolic blood pressure have been documented 1 year after RYGB in adolescents [18, 42] and are persistent after 5 years [41••] . Improvement is fairly consistent regardless of initial BMI, probably due to a comparable degree of weight lost by all patients [42] .
An important open question is whether earlier surgical intervention has the potential for greater improvement in cardiovascular outcomes. No long-term studies are available yet, but preliminary data are promising [55] . For example, in adolescents, left ventricular mass as well as thickness of the posterior wall and septum are reduced after RYGB [55] , leading to improved diastolic function. Although left ventricular mass is improved in adults after RYGB, the thickness of neither the posterior wall nor septum is reduced [56] . One might speculate that greater myocardial plasticity in younger patients may underlie this effect. Further study is needed to understand whether younger age at time of surgery may confer benefit in terms of cardiovascular risk reduction.
Polycystic Ovarian Syndrome (PCOS), Gestational Diabetes, and Fertility Insulin resistance and obesity are strongly linked with risk for polycystic ovarian syndrome (PCOS) [57] , but the prevalence of PCOS as well as associated menstrual irregularity, hirsutism, and infertility are improved by bariatric surgery including VSG, RYGB, and AGB [58] . A recent meta-analysis indicates that bariatric surgery reduced rates of PCOS from 45.6% preoperatively to only 7.1% postoperatively [58] . In fact, infertility rates improve dramatically in women after bariatric surgery [59] . Among adolescents after RYGB, pregnancy rates are higher than expected for this age group [60] , possibly due to a combination of physiologic and psychosocial changes after surgery.
How might the potential for increased pregnancy rates after bariatric surgery relate to maternal and fetal health in this population? It is well known that obese women have higher rates of gestational diabetes, as well as hypertension, fetal macrosomia, and cesarean section, compared with non-obese cohorts. Based on recently reviewed evidence [61] , it is expected that bariatric surgery will improve both maternal health during pregnancy, as well as fetal outcomes for young women who do chose to become pregnant following adolescent bariatric surgery. In adolescents in particular, due to greater number of remaining reproductive years, it is critical to consider the potential risks that prior bariatric surgery may pose for both the mother and the infant. For example, bariatric surgery may increase risk for intrauterine growth restriction, small for gestational age babies, and nutritional deficiencies (specifically, for vitamin B12, folate, iron, and calcium) especially if individuals are not adherent with dietary and supplement recommendations [61] . It is thus recommended that pregnancy be avoided for at least 12-18 months after surgery [62] . On the other hand, bariatric surgery may reduce rates of childhood obesity in offspring [63] , and uncomplicated pregnancies have been reported after adolescent bariatric surgery [25, 34] . It is clear that we are only beginning to understand how bariatric surgery affects perinatal health outcomes. In the future, fetal and maternal outcomes should be systematically studied within the context of adolescent bariatric surgery in order to more completely understand the implications of performing these surgeries earlier in life.
Microvascular Complications Microvascular complications including retinopathy, nephropathy, and neuropathy are major causes of morbidity and mortality in patients with T2D. Thus, in order to consider bariatric surgery for primary treatment of T2D in adolescents, it is important to understand how surgery may affect incidence and progression of these comorbidities.
Diabetic nephropathy is a major cause of end-stage renal disease in the USA [64] and its presence greatly increases risk for mortality [65] . Renal damage can be reversed, however, with diabetes remission [66] . It appears that the anti-diabetic effect of bariatric surgery may also slow or reverse diabetesrelated renal damage as indicated by presence of albuminuria [67] [68] [69] [70] and by serum creatinine levels [69, 71] . Not surprisingly, those patients with improved glycemic control 5 years after bariatric surgery exhibit lower urinary albumin-tocreatinine ratios [67] . As hypertension, insulin resistance, and dyslipidemia are also risk factors for diabetic nephropathy, improvement to these obesity-related comorbidities after bariatric surgery may also play a role to improve renal disease [69] .
In the Swedish Obesity Study, RYGB resulted in greater reductions in incidence of microalbuminuria than gastric banding [72] . In this cohort, the hazard ratio for microalbuminuria was unaffected by risk factors including gender, age (above or below 47.9 years), BMI, serum insulin levels, and presence of impaired fasting blood glucose levels [72] . However, overall microvascular risk reduction was greatest for patients with prediabetes [73] , suggesting that intervention much earlier in the disease process may confer greater benefit in terms of preventing onset of diabetic nephropathy (and other microvascular complications). This is of particular importance for adolescent patients in whom T2D is associated with earlier and/or more aggressive comorbidity The model failed because of the small sample size c Type 2 diabetes mellitus at baseline was defined by study investigators taking into consideration patient self-report of prior diagnosis, as well as prior medical records from referring physician, use of medications for DM, baseline HbA1c of ≥6.5%, or fasting glucose of at least 126 mg/dL, or oral glucose tolerance results in prior 6 months. Remission of T2D was defined as no use of medication for DM, and HbA1c <6.5%, or, if HbA1c was not available, FBG <126 mg/dl d Prediabetes at baseline was defined as no use of medications for T2D with HbA1c of ≥5.7% but <6.5%, or, if HbA1c was not available, FBG 100 mg/dl to less than 126 mg/dl. Remission of prediabetes was defined as HBA1c <5.7%, or, if HBA1c was not available, FBG <100 mg/dl e Dyslipidemia was defined for those <21 years of age as fasting triglycerides (TG) ≥130 mg/dl, or low density lipoprotein cholesterol (LDL-C) ≥130 mg/ dl, or high density lipoprotein cholesterol (HDL-C) <40 mg/dl, or use of lipid lowering medications. If <21 years of age at follow-up, remission of dyslipidemia was defined as TG <130 mg/dl, and LDL-C <130 mg/dl, and HDL-C ≥40 mg/dl, and no use of lipid-lowering medications. If age was ≥21 years, resolution of dyslipidemia was defined as TG <200 mg/dl, and LDL-C <160 mg/dl, and HDL-C ≥40 mg/dl (males) or HDL-C ≥50 mg/dl (females), and no use of lipid-lowering medications f Elevated BP is otherwise defined in a manner consistent with that used to define hypertension: use of BP medications or SBP ≥95th percentile or DBP ≥95th percentile (for age, sex, height) if 140 mmHg or DBP >90 mmHg was used. Remission of elevated BP required that no medications for BP were used, and SBP and DBP were normal for age. g The presence of abnormal kidney function was determined using accepted criteria for chronic kidney disease (CKD) using glomerular filtration rate (GFR). For this study, abnormal kidney function was defined as any stage (1-5) of CKD. Resolution of abnormal kidney function was defined as attaining a GFR >60 with no evidence of kidney injury (urine albumin to creatinine ratio of ≤0.03) ( profiles. In adolescents, 19 of 22 patients followed 3 years after RYGB or VSG had remission of abnormal kidney function [16••] ; however, the number of patients with preexisting renal dysfunction was too small to determine predictors of remission in this study. Retinopathy is another microvascular complication of diabetes that can have devastating consequences on quality of life due to potential for reduced vision and/or blindness. Both RYGB and VSG appear to reduce incidence of diabetic retinopathy [74] [75] [76] in some patients. The principal risk factors for diabetic retinopathy are degree and duration of hyperglycemia and comorbid hypertension [77] , both improved after bariatric surgery. However, risk for new-onset diabetic retinopathy is not eliminated by either surgery and progression of existing diabetic retinopathy can also occur [74, 75, 78] . One meta-analysis [74] suggests that risk factors for progression include baseline severity and greater reduction in HBA1c. This paradoxic effect has also been observed in patients with type 1 and gestational diabetes and is hypothesized to be related to repeated hypoglycemia and resultant long-term retinal adaptations [74] . As hypoglycemia can be common after RYGB, as a part of dumping syndrome, it is important to understand this relationship in order to understand which patients might be at most risk for new or progressive diabetic retinopathy after surgery. Furthermore, a closer look at which patients may be prone to onset or progression of diabetic retinopathy after bariatric surgery would prove helpful to riskstratify and counsel patients considering surgery.
Less is known about the effect of bariatric surgery on risk for diabetic neuropathy, but a survey of patients after RYGB has indicated stability and/or improvement of diabetic neuropathy after RYGB [28] . However, this has not been studied systematically. It is clear that larger studies are needed, particularly within the young adult and adolescent populations, in order to understand the effect of bariatric surgery on the natural history of diabetes-related microvascular complications. If effective in curbing progression and/or incidence of these problems in diabetic and prediabetic adolescents, bariatric surgery may be even more powerful than currently recognized to improve quality and length of life for obese adolescent patients.
Safety: Weighing the Risks and Benefits of Bariatric Surgery for Adolescent Patients
Bariatric surgery may be a potent treatment for T2D, but it is important to take into consideration the safety of these procedures for the adolescent population. Serious complications related to surgery are uncommon but have been reported. Complications include staple line dehiscence [79, 80] , marginal ucleration [81] , minor bleeding, atelectasis, and superficial venous thrombosis [82] . In adults, these risks are counterbalanced by an overall reduction in mortality rates [83] . Long-term data have not been collected with regard to adolescent patients who have had bariatric surgery, but the preliminary data suggest similar complication rates [84] . The Teen-LABS study reported a 30-day complication rate of 8% [85] and 3-year reoperation rates of 13% [16••] . Interestingly, in one study [84] , perioperative hospital stays were shorter in adolescents as compared with adults, raising the question of whether better baseline health may contribute to lower perioperative risk within the adolescent population.
In addition to the risk of perioperative complications, patients may face long-term risk for micronutrient deficiencies due to gastric reduction and/or intestinal diversion. These deficiencies may pose unique risks to young patients in particular.
Specifically, iron, calcium, vitamin D, vitamin B12, zinc, vitamin C, copper, and vitamin B1 deficiencies have been documented [86] [87] [88] . Vitamin B12 deficiency is much more common after RYGB than VSG [86] , likely owing to the intestinal diversion involved with the former. On the other hand, other lipid-soluble vitamins such as vitamins E, A, and K are infrequently a problem after RYGB [89] , as it is not primarily a malabsorptive procedure. Recently, the Teen-LABS study [16••] highlighted micronutrient deficiencies as a significant risk for adolescents after bariatric surgeries. In this study, 8% of patients had vitamin B12 deficiency at 3 years, as compared with <1% at the baseline visit. Iron deficiency was common, affecting 65% of RYGB patients and 34% of VSG patients. This corroborates adult studies highlighting iron deficiency as the one of the most common and earliest nutritional deficiencies observed following bariatric surgery [90] . Other, less common nutritional deficiencies after bariatric surgery include vitamin B1 (thiamin) deficiency [86, 91] and folic acid deficiency [92] , although both were rare in the Teen-LABS study and postoperatively were not more common than at baseline [16••] . Of note, protein-calorie malnutrition is uncommon beyond the immediate postoperative period [93] and the Teen-LABS study [16••] reported no cases of hypoalbuminemia at the 3-year time point.
Of particular relevance to the adolescent population, bariatric surgeries including both RYGB and VSG have the potential to impair bone mineral density (BMD) in both adults [94] [95] [96] and adolescents [97] . Even in adolescents who have reached adult height, adolescence is a critical period for bone mineral accretion [98] . The impairment of BMD following bariatric surgery in adolescents may be related to impaired intestinal calcium absorption, particularly after RYGB [99] , although other, non-nutritional factors may play a role as well. For example, reduced body weight might diminish mechanical load-induced bone mineralization. It has also been speculated that reduced ghrelin levels after either RYGB or VSG may be contributory, as ghrelin levels correlate with BMD in obese children [100] . Although vitamin D supplementation is recommended for all RYGB patients postoperatively [89] , it may not fully prevent BMD reduction [101] . Despite interval reduction, above-average postoperative BMD has been demonstrated in adolescents after RYGB [97] ; however, it is unclear for how long BMD loss might continue. This is a particularly relevant question for adolescents.
Vitamin supplementation is critical after bariatric surgery, particularly after RYGB, to avoid dangerous consequences of micronutrient deficiencies. Most bariatric surgeons recommend long-term use of a multivitamin, calcium citrate, and supplemental vitamin D for all patients [102, 103] . For RYGB patients, addition of elemental iron for all menstruating patients and vitamin B12 is also recommended. One concern is that adolescent patients may be less adherent to recommended supplementation [104] . This may be an important individual consideration when weighing the potential risks and benefits of surgical versus medical management for adolescents with T2D, especially for those with history of poor adherence to prior medical therapies.
Conclusions: Interpretations and the Future of Adolescent Bariatric Surgery
At present, bariatric surgery is recommended for individuals with BMI of at least 40 kg/m 2 , or 35 kg/m 2 with obesityrelated comorbidities, including T2D. However, given the evidence reviewed here that bariatric surgery may reverse or postpone onset of T2D-related problems including microvascular complications and cardiovascular risk, it is important to consider whether earlier intervention might improve longterm outcomes for these patients. If so, then ideally, patients would be treated early after T2D diagnosis or even before diagnosis in those obese, prediabetic patients refractory to traditional medical therapy. For adults, it is debated as to whether the BMI cut-offs for bariatric surgery recommendation should be lowered. This requires special consideration for adolescents, in whom bariatric surgery may have not only the greatest potential but also the greatest risk.
With an average age of onset of youth-onset T2D in early adolescence in the USA, intervening before T2D diagnosis or early in the disease process would mean performing surgery prior to the completion of growth and development in most males and in many females. Given the potential for reduced BMD and for nutritional deficiencies that may compromise growth and development, surgery at this age has not yet been considered by pediatric surgeons. However, it is important to weigh the evidence and to determine the earliest age at which the benefits of surgery may outweigh the risks. An important aspect of this analysis will be to determine whether RYGB and/or VSG may have improved safety within the youngest cohort of patients in particular. Although this opinion may be viewed as extreme, it is a response to the potential for a more severe disease course in young patients who may have accelerated development of T2D-related comorbidities [5] .
An important goal for future study should be to try to understand which patients might be best suited for medical versus surgical management. The TODAY study [105] cited higher BMI, presence of depression, black race, and higher baseline HbA1c levels as predictors of failure of medical T2D management. Perhaps these patients may be better suited for bariatric surgery. On the other hand, poor adherence to postoperative dietary and nutritional recommendations can be dangerous after bariatric surgery and it is important to consider what factors may predict non-adherence. In addition to these psychosocial variables, one should consider whether certain genetic variations or serum biomarkers might predict better outcomes, including more complete T2D remission, after bariatric surgery. Ongoing mechanistic studies in humans and rodents will be important for designing such assays, as well as for engineering less invasive T2D treatments for adolescents.
